A rheological characterization of process cheese mix was performed using tube viscometry techniques at 15, 20, 25, and 30 C over the approximate shear rate range of 5-35 s À1 . The shear rate range was chosen to correspond with a range germane to pilot scale process cheese production. As expected, the cheese mixture was shear thinning.
INTRODUCTION
Process cheese, first developed in 1911, is popular throughout the world.
A unique characteristic of process cheese is versatility in terms of flavor, functionality, and texture, due to the potential for extensive process and product development. Process cheese is used almost exclusively in the fast food industry and is becoming popular as a food ingredient for frozen dinners and packaged foods. [1] Process cheese is made by first formulating a blend of natural cheeses, emulsifying salts, and water. The mixture is then pumped to either a continuous or a batch process cooker and heated to approximately 85 C while being continuously sheared. During heating and mixing, the lipids are emulsified and the cheese proteins are solubilized from the natural cheese network, converting the system to a dispersion of emulsified fat and protein. [2] Following heating and mixing, the cheese mixture is cooled in a controlled manner to achieve the desired functionality. Upon cooling, the dispersion of emulsified fat and protein form the composite process cheese network. While data exists on the rheological properties of process cheese at high temperatures (above 50 C), little to no data exists characterizing the rheological properties of the process cheese mixture at processing temperatures (15-25 C) before heating. [3, 4] This information would be useful for process development, such as determining pump, mixer geometry, and power requirements.
Rheological properties can be evaluated by tube viscometry. This method is well documented for obtaining practical viscosity data, but is under-utilized within the food industry due to its inherent low sensitivity when compared to other analytical rheological methods. [5] In tube viscometry a material flows through a pipe by an applied pressure differential. By analyzing the volumetric flow rate and pressure drop across a specified tube length of known cross sectional area, the shear stress, shear rate, and viscosity can be derived. [6] Within the food industry, tube viscometry has been used to characterize fruit purees, [7] dough, [8] and starch solutions. [9] The objectives of this research were: (1) to use tube viscometry techniques to characterize process cheese ingredient viscosity over a range of potential pre-heat treatment processing temperatures and shear rates and (2) to create mathematical models with the data, taking into account the effects of shear rate and temperature on apparent viscosity. This data may be used by cheese manufacturers to optimize the pre-heat treatment steps, such as pumping and blending, of the process cheese production process.
MATERIALS AND METHODS

Sample Preparation
A generic formula for process cheese (Table 1) was followed throughout the project. Each batch contained young (aged less than 30 days) and medium (aged 60-180 days) Cheddar cheese manufactured from different lots. The cheeses and milkfat were ground using a comminuter (Hobart Co, Troy, OH) and mixed with water, table salt, and emulsifying salts for 5 min using a Hobart mixer with a dough hook attachment (Hobart Co, Troy, OH). Samples were vacuum packed and stored at 4 C for 1 week prior to testing.
Tube Viscometer
A tube viscometer system was constructed to rheologically analyze process cheese mix ( Fig. 1 ). An Instron Universal Testing Machine (Model 1122, Instron Co, Canton, MA) was fitted with a jacketed tube with an inner diameter of 42.0 mm. A water bath (VWR Scientific, Atlanta, GA) maintained sample temperature at 15, 20, 25, and 30 C. A 37.5 mm diameter piston, at a programmed speed, forced the material through a die with an inner radius of 2.4 mm. Two different lengths of dies (110.0 mm and 25.0 mm) were used to quantify end effects. [10] The force required to maintain the programmed velocity was recorded using Testworks software (Sintech, MTS, Research Triangle Park, NC). Speeds of 2.0, 3.5, 5.0, 7.5, and 10.0 mm=min were chosen as the testing conditions after approximating shear rate values of the pilot scale production process.
Experimental Design
Five crosshead speeds at four temperature levels, for a combination of 20 treatment levels, were examined. A two factor (speed and temperature) randomized complete block design was chosen. Each block contained all 20 treatments, so each block was a replicate. Three blocks were executed (each block represents cheese from a different lot) for a total of 60 experiments. The experimental design was executed over a 6-day period.
Crosshead speeds were selected to cover commonly found shear rates encountered during pilot-scale production, 0.1-35.0 s À1 . The purpose of this study was to characterize the process cheese mixture prior to being manufactured into process cheese, therefore temperatures studied included those normally found in commercial production prior to heating. Temperatures chosen were 15, 20, 25, and 30 C to accommodate the range of temperatures experienced as the mix is pumped to the cooker. Increasing the temperature above 30 C resulted in oil separation, an undesirable response during manufacture.
Determination of Rheological Parameters
A uniaxial compression system extruded the mix through a narrow die. The force required to maintain the crosshead velocity was used to calculate pressure drop, volumetric flow rate, shear stress, and shear rate for each test.
Pressure drop was calculated using Eq. (1), in which force readings of a long and short die were subtracted to account for end effects:
Shear stress (Pa) at the wall was determined accordingly:
Where r is the inner radius of the die and DL is the difference in length between the short and long dies. [10] Shear rate (s À1 ) values were calculated using the Rabinowitsch-Mooney equation:
where Q is the volumetric flow rate (m 3 =s) and r is the inner radius of the die (m).
The value for shear rate was obtained by fitting [Q=(pr 3 )] vs. s w with a polynomial equation and evaluating the derivative of the polynomial. Upon determination of shear rate, a rheogram was created by plotting shear stress against shear rate. The resulting curve was modeled with a power law function, and the consistency coefficient, K (Pa s n ) and the flow behavior index, n (dimensionless) were determined for the power law model:
The power law model was chosen due to its simplicity and excellent representation of experimental data, with linear coefficients of determination (r 2 ) between 0.91 and 0.99.
RESULTS AND DISCUSSION
Analysis of Variance
Estimated values of K and n ( Table 2) were treated as a single response for a particular temperature. Analysis of variance was completed and the first analyses examined block and temperature treatment effects for n and K. Block effects were not significant for either n or K, with P values of 0.5 and 0.47, respectively. Treatment effects were significant at the a ¼ 0.05 level for both n and K. Thus changes in temperature were the primary cause for changes in K and n values. Since block effects were insignificant, the data from all three blocks for a particular temperature could be pooled, and=or K and n values averaged. Average values of n and K are presented in Table 2 for each temperature level. Generally n increased and K decreased as temperature increased. 
Rheograms
Temperature and shear rate effects on viscosity of the cheese mixture were plotted as Fig. 2 . The cheese mixture was found to be shear thinning, evidenced in both Fig. 2 and Table 2 , as a flow behavior index (n) value <1 indicates a shear thinning material. A near tenfold decrease in viscosity at all shear rates was observed by increasing the temperature of the mixture from 15 to 30 C. As the temperature increased, various milkfat fractions began to melt and soften, thereby decreasing mixture viscosity.
Mathematical Models
The shear stress and shear rate values obtained experimentally were evaluated using SAS statistical software (SAS, Research Triangle Park, NC). Multiple linear regression with two variables, temperature ( C), and shear rate (s À1 ), was performed to yield Eq. (5). The coefficient of determination, r 2 , was 0.90. Z ¼ 10 6:8 _ g g À0:6 T À2:8 ð5Þ
An additional equation was developed using a modified Arrhenius-type Eq. (6), combining the effects of shear rate (s À1 ) and temperature ( C) into a single expression:
ð6Þ 7), with an r 2 of 0.89. Viscosity is predicted as a function of shear rate (s À1 ) and temperature ( C):
Z ¼ ð23:5Þ exp 85:2 T ð_ g g À0:7 Þ ð 7Þ
As the r 2 values were similar, either mathematical model could be used to fit the data. The effect of shear rate on viscosity was similar for both models, as evidenced by their exponents (À0.6 and À0.7). The fit of each mathematical model was viewed graphically (Fig. 3 ) by plotting experimental apparent viscosity against viscosity predicted by the mathematical model. [5] Deviation between the experimental and predicted data at high viscosities was primarily due to a difficulty in obtaining a uniform loading of the viscous, cold sample.
Equations (5) and (7) predict an estimate of apparent viscosity for the conditions of temperature and shear rate outlined earlier. It is important to note that both models are only valid in the shear rate and temperature range explored in this study, therefore the following limits were imposed on the variables in both expressions [Eqs. (5) and (7) These equations have important industrial applications to the flow of process cheese ingredients in pipes at low temperatures. This procedure and subsequent equations could aid in pipeline design calculations for viscous products not capable of analysis through conventional, benchtop, rheological methodologies such as Couette flow and parallel plate.
CONCLUSION
The experimental results showed that tube viscometry is a suitable technique for measuring and quantifying the flow behavior of process cheese mix over a range of temperatures (15-30 C). According to this procedure, the cheese mixture at 15 C had a maximum viscosity of approximately 936.8 Pa s, while, at a similar shear rate, the cheese mixture at 30 C had a maximum viscosity of approximately 112.7 Pa s. These values could be used to aid in design of a process cheese transport system. The power law model accurately predicted apparent viscosities at each temperature. If one comprehensive model is desired, the modified Arrhenius-type equation [Eq. (7) ] or the multiple linear regression model [Eq. (5) ] may be used to incorporate the combined effects of shear rate and temperature. Tube viscometry has important industrial applications, as it can be used to study flow behavior of thick, viscoelastic materials at low temperatures incapable of analysis by other conventional, rheological methodologies. 
